The present LiFePO 4 /C cathode material is synthesized via carbothermal reduction by a high-frequency induction heating method in extremely short heating time (within a few minutes). The electric conductivity of LiFePO 4 /C is improved to 1.9 × 10 −2 S cm −1 by a short-time annealing process following a sintering process at 900°C. An increase in the particle size and formation of Fe 2 P as impurity are suppressed by annealing at a relatively low temperature: 700°C. The cathode containing annealed LiFePO 4 /C shows discharge capacities of 156.0, 136.3, and 100.1 mAh g −1 at 1/10, 1, and 10 C-rates (1 C = 170 mA g −1
Introduction
Lithium iron phosphate (LiFePO 4 ) with an olivine-type structure is considered an attractive cathode material for lithium-ion batteries due to its good electrochemical characteristics such as flat potential at 3.5 V vs. Li/Li + for lithium insertion/extraction and the acceptable theoretical specific capacity of 170 mAh g ¹1 , together with its long cycle stability, high thermal stability, low environmental impact, and especially an ideal composition as realization of elemental strategy. 1, 2 The low electronic conductivity and low lithium-ion diffusivity, which are drawbacks of LiFePO 4 , have been improved by modifying the surface of LiFePO 4 particles with carbon and by decreasing the particle size, respectively. 3, 4 LiFePO 4 modified with carbon (LiFePO 4 /C) 5, 6 will be applied to large-scale applications such as electric vehicles (EVs), hybrid electric vehicles (HEVs), and large storage systems for power generation from natural energy as wind, solar power and so on.
To improve battery performance of LiFePO 4 /C cathode material, various synthesis methods involving solid-state reactions, 7, 8 a polyol process, 9 sol-gel process, 10 solvothermal method, 11 mechanical activation, 12 and co-precipitation 13 have been reported. However, most of reported methods need a relatively expensive divalent iron compound as iron source. Furthermore, to obtain a LiFePO 4 phase, most methods eventually require long-time (typically several hours) sintering in an inert gas or vacuum to suppress oxidation of iron (from Fe  2+ to Fe   3+ ). As a result, LiFePO 4 /C synthesized by typical methods costs much, which would limit its practical application. In this context, we have reported a novel synthesis method for LiFePO 4 /C, 14 which combines a carbothermal reaction 15 with a high-frequency induction heating method as a solution for these problems. In this study, LiFePO 4 /C composite is synthesized via carbothermal reduction of quite inexpensive Fe 2 O 3 as iron source to reduce raw material cost. Moreover, its energy cost could be drastically reduced because our high-frequency induction heating as a sintering process is completed in a few minutes by rapid heating. Citric acid as a carbon source is decomposed thermally, and then the carbonaceous products remove oxygen from Fe 2 O 3 to yield divalent iron in vacuum or an inert gas. The resulting LiFePO 4 phase is derived from reactions of divalent iron with other raw materials. The carbonaceous products have not been consumed completely during the carbothermal reduction; they remain at the surface of LiFePO 4 particles (LiFePO 4 /C) and function as conductive auxiliary. In this paper, we optimize the annealing process following the sintering process in our high-frequency induction heating method in an attempt to improve the electrochemical properties of LiFePO 4 /C.
Experimental

Synthesis
The present LiFePO 4 /C samples were synthesized by a solidstate reaction of stoichiometric amounts of Li 2 CO 3 (Kanto Chemical Co., 99.0%), Fe 2 O 3 (Toda Kogyo Corp., 99.5%), and NH 4 H 2 PO 4 (Kanto Chemical Co., 99.0%) together with 10 wt% citric acid (Kanto Chemical Co., 99.0%) as carbon source. The starting materials were mixed by planetary ball-milling for 5 h in ethanol medium. The rotating speed was 400 rpm and a ball to powder weight ratio was 20:1. After drying at 80°C over 6 h at atmospheric pressure to remove ethanol, the obtained precursor was pressed into pellet with 23 mm thickness at 14 MPa (20 kN). The pellet precursor was inserted into a carbon crucible, and this was placed in a vacuum chamber. The carbon crucible was rapidly heated to 900°C at a heating rate of 3000°C min ¹1 by high-frequency induction heating, and then held it for a few minutes in a vacuum. After the sintering process at 900°C, the temperature was reduced to 700°C and held the temperature for a few minutes for sufficient carbonization of citric acid as carbon source. At the end of heating process, the carbon crucible was rapidly cooled down to room temperature. The resulting gray pellet were ground thoroughly in a mortar, and the obtained powder (LiFePO 4 /C) was used as cathode active material.
Cathode preparation
The cathode for electrochemical performance tests was prepared in a dry room with a dew point of ¹55°C. The obtained LiFePO 4 /C was mixed with ketjen black (Lion Corp., Carbon ECP) and polyvinylidene fluoride (Kureha Corp., #1100) with a weight ratio of 85:8:7 in an adequate amount of N-methyl-2-pyrrolidone (Kishida Chemical Co., 99.5%) solvent and the obtained slurry was cast onto an Al-foil current collector and dried at 100°C for 10 h in a vacuum oven. The prepared cathode sheet was cut into disks with a diameter of 12 mm as test cathode. The mass loading of active material in an electrode was 5.2 mg cm ¹2 ; this loading was intentionally set heavier than that on the cathode in our previous report 14 in order to prepare a realistic cathode with an enough mass loading.
Electrochemical measurements
Electrochemical measurements were performed using a CR2032 coin type cell assembled in an argon-filled globe box with the prepared test cathode, a lithium foil (Honjo Metal Corp.) disk with a diameter of 13 mm as an anode, 1 M LiPF 6 solution with ethylene carbonate-dimethyl carbonate (1:1 v/v) (Kishida Chemical Co., LBG) as an electrolyte, and porous polypropylene film as a separator. The charge and discharge measurement including rate performance test was carried out in a voltage range of 2.5 4.2 V using a galvanostatic charge and discharge unit (Intex Co., BTS2004W) at 1/10, 1/5, 1/2, 1, 3, 5, and then 10 C-rates (1 C = 170 mA g ¹1 ) by every 5 cycles. In order to assess the cycle stability for high-rate charge-discharge, the cells were retested back to the initial 1/10 C-rate after the above various rate tests.
Material analysis
The X-ray diffraction (XRD, Rigaku Co., Ultima IV) with Cu KA radiation was used to identify the phases of synthesized samples. A graphite monochrometer was used for diffracted beams. The diffraction data were collected between 1050°by a step scan mode with a scanning step of 0.02°and a sampling time of 5 s. The electric conductivity was measured by a four probe method. The obtained powder sample was pressed into pellet at 5 MPa, and four probes were pressed against the pellet. The measurement was performed 10 times for each sample; the average value was regarded as representative electrical conductivity.
The morphology of secondary particles was observed using scanning electron microscope (SEM, Hitachi Co., SU-1500). The primary particle-size distribution of synthesized samples was determined by small-angle X-ray scattering (SAXS, Rigaku Co., Ultima IV); 3070% of the direct beam was scattered by adjusting thickness of the samples and the scattering profile was collected between 0.082.00°. The X-ray scattering derived from air was deducted as a back ground. The primary particle-size distribution was determined by curve fitting for the scattering profile with several parameters such as background intensity, average particle size, normalized distribution ratio, scale factor, and true density of LiFePO 4 (3.60 g cm ¹3 ). ), respectively. However, discharge capacity is reduced to about 90.2 mAh g ¹1 at 10 C-rate. Furthermore, the polarization between the charge and discharge is too large; this should correlate with somewhat poor conductivity of the sample: 8.7 © 10 ¹3 S cm ¹1 (Table 1) . To increase the conductivity, we added an annealing process in the high-frequency induction heating procedure because we thought that the primary cause of low electric conductivity is insufficient carbonization of decomposition products of citric acid. Figure 2 shows XRD patterns of non-annealed and annealed LiFePO 4 /C obtained by sintering at 900°C for 105 s, and for annealed LiFePO 4 /C, followed by annealing at 700°C for 75 s. The obtained XRD profiles suggest that both samples are single-phase LiFePO 4 and contain no impurities. The reaction rate of carbothermal reduction is very fast at 900°C, and too long sintering easily leads to generation of Fe 2 P by excessive reduction. 16 Thus, as we considered that the formation of LiFePO 4 phase is completed by sintering at 900°C for 105 s, the following annealing process was carried out at 700°C; the lower temperature should provide a significantly slow reaction rate of carbothermal reduction to suppress the formation of Fe 2 P. The residual carbon on surface of LiFePO 4 particles was not observed in XRD patterns because of its amorphous characteristic. The electric conductivity of LiFePO 4 /C is Electrochemistry, 80(10), 825828 (2012) improved to 1.9 © 10 ¹2 S cm ¹1 by adding such a short-time annealing process to the high-frequency induction heating procedure. Figure 3 shows the primary particle-size distributions calculated from SAXS profiles of annealed and non-annealed LiFePO 4 /C. The primary particle-size distributions are quite similar, and the mean primary particle diameters of annealed and non-annealed LiFePO 4 / C are 48.4 and 47.5 nm, respectively. Figure 4 shows the SEM images of annealed and non-annealed LiFePO 4 /C. Various particle sizes from submicron to about 3 µm are observed in these images. Judging from the primary particle-size distributions and particle appearance observed in the SEM images, particles observed by SEM should be secondary particles that are formed by aggregation of primary particles. Comparing two images, the secondary particle diameters of both samples seem almost same. These results suggest that the annealing process never increase the primary and secondary particle diameters. Therefore, lithium-ion diffusivity in both samples can be regarded as basically equivalent. Important physical properties of the annealed and non-annealed LiFePO 4 /C are summarized in Table 1 . Although there is no difference in the particle-size parameters between the samples, the electric conductivity is increased by the annealing probably due to enhanced amorphous carbon deposition on the particles. Figure 5 shows the charge and discharge curves of the cathodes containing annealed LiFePO 4 /C. The polarization voltages between charge and discharge curves of the cathodes containing nonannealed ( Fig. 1) and annealed LiFePO 4 /C (Fig. 5 ) at 50% state of charge (SOC) with various rates (¦E C-rate ) are summarized in Table 2 . The polarization voltage between charge and discharge is relatively small when compared to that of the corresponding cathode with non-annealed LiFePO 4 /C at 1/10 and 1 C-rate; the discharge capacities of annealed LiFePO 4 /C cathode are 156.0 and 136.3 mAh g ¹1 , respectively, which are slightly larger than those of non-annealed LiFePO 4 /C cathode. In addition, the polarization at 10 C-rate is significantly reduced when compared to that of nonannealed LiFePO 4 /C cathode, and the discharge capacity of 100.1 mAh g ¹1 is achieved at 10 C-rate. Figure 6 shows the charge and discharge rate performances of annealed and non-annealed LiFePO 4 /C cathodes at 1/10 10 Crates. The difference in the discharge capacity between both samples tends to become larger with increasing charge and discharge rate. With respect to the charge and discharge curves (Figs. 1 and 5) , it is clear that the annealed LiFePO 4 /C has superior charge and discharge performance to the non-annealed LiFePO 4 /C. Furthermore, the annealed LiFePO 4 /C synthesized in this study shows better cycle stability and charge-discharge rate performance than LiFePO 4 /C reported in other papers using carbothermal reduction process. 1518 We have suggested that differences in observed electrochemical properties are derived from a difference in the electrical conductivity that is controllable by the short-time annealing process. In addition, our high-frequency induction heating method would be too aggressive for enough carbonization of residual decomposition products from citric acid as a carbon source because the electrical conductivity can be significantly improved by a relatively lowtemperature short-time annealing. Therefore, the present annealing treatment following the main process is very important and effective to improve the electrochemical performances of LiFePO 4 /C obtained by a high-frequency induction heating method.
Results and Discussion
Conclusions
We have successfully developed the synthesis of LiFePO 4 /C in a few minutes by using high-frequency induction heating; inexpensive Fe 2 O 3 is applicable as iron source in combination with a carbothermal reduction method. It was found that the electrical conductivity of LiFePO 4 /C can be improved from 8.7 © 10 ¹3 to 1.9 © 10 ¹2 S cm ¹1 by introducing the short-time annealing process at 700°C following the sintering process at 900°C. The discharge capacities of the annealed LiFePO 4 /C cathode at 1/10, 1, and 10 Crates are 156.0, 136.3, and 100.1 mAh g ¹1 , respectively, which are somewhat larger than those of the non-annealed LiFePO 4 /C cathode. The polarization between charge and discharge of the annealed LiFePO 4 /C cathode is much smaller than that of the nonannealed cathode. Furthermore, the annealed LiFePO 4 /C cathode is superior to the non-annealed cathode in charge and discharge rate performance. We consider that the difference in these electrochemical properties should be derived mainly from a difference in the electrical conductivity of residual carbon at the surface of LiFePO 4 particles. In fact, the conductivity is improved by the shorttime annealing process while no formation of Fe 2 P as impurity and no increase in primary and secondary particle sizes are observed. Therefore, the present annealing treatment is very effective in improving electrochemical performances of LiFePO 4 /C in the synthesis process based on the high-frequency induction heating method. Electrochemistry, 80(10), 825828 (2012)
